We quantify the 3D temperature distribution for a large and structurally complex intra-continental basin based on physical principles and considering a realistic approximation of the sedimentary fill as well as of the underlying crust and lithospheric mantle. Comparing observed temperatures with temperatures predicted by a 3D conductive, steadystate thermal model for the Central European Basin System (CEBS) we find a thick layer of mobilized Zechstein salt causes significant local temperature variations due to its high thermal conductivity compared to less conductive surrounding clastic sediments. This local pattern is superposed by a regional component originating in the deeper lithosphere.
Introduction
Temperature distribution in sedimentary basins controls the fate of petroleum or geothermal heat resources and the mode of deformation of the lithosphere. So far regional temperature estimates for the subsurface largelenly rely on interpolation of local measurements in wells (LIAG, [1] ) or thermal models covering only limited segments of basins (Bjorlykke, [2] ). Previous estimates of the relative contribution of heat from different depths of the lithosphere are largely based on 1D or 2D calculations and the additional influence of 3D heat transfer remains uncertain (Artemieva, [3] ; Jaupart, [4] ; Mareschal and Claude, [5] ). This is due to a scarcity of regional studies addressing heat transfer in 3 dimensions for realistic data sets (Scheck-Wenderoth and Maystrenko [6] ). Also, previous thermal models of north central Europe were either restricted to a segment of the sedimentary part (Bayer et al., [7] ; GEUS, [8] ; LIAG, [1] ; Norden et al., [9] ; Noack et al., [10] ) or theoretical and based on strongly simplified configurations (Cloetingh et al., [11] ; Tesauro et al., [12] ). With our model we evaluate how and why subsurface temperature varies over this area and test two hypotheses: (1) that heat in sedimentary basins is dominantly transferred by thermal conduction and (2) that 3D thermal models considering basin configuration can predict subsurface temperature distribution beyond the initial database.
Geological background and method
The CEBS (Fig. 1 ) is an area with an exceptionally good coverage of geological and geophysical data as a consequence of hydrocarbon exploration and academic research programs. This has enabled the construction of a lithosphere-scale regional 3D structural model ( Fig. 1 ; Maystrenko et al., [13] ; Maystrenko and Scheck-Wenderoth, [14] ) which integrates what is probably the world's largest amount of data for a basin system. This model is used to calculate the thermal field and integrates a Precambrian lithosphere in the north-east that adjoins a lithosphere with Caledonian and Variscan consolidation ages below the largest part of the CEBS. More than 10 km of Permian to Cenozoic deposits, including numerous salt structures, rest above an older succession of Pre-Permian deposits. A further complexity lies in the different lithosphere blocks that support the basin system and vary considerably in thickness and composition. Such compositional variations are relevant as they determine the amount of radiogenic heat production and the thermal conductivity of rocks. Variations in deep seismic velocities and densities derived from 3D gravity models point to a silicic upper crust, characterized by high radiogenic heat production, and a less productive lower crust of mafic composition ( [14] ). The thickness of the crystalline crust, that is thermally more conductive than sediments, increases toward the basin margins where the crust is close to or at the surface. Also, the depth position of the isothermal lithosphere-asthenosphereboundary (LAB), usually taken to coincide with the 1300 C potential temperature isotherm (McKenzie and Priestly [15] ), is relevant for the thermal field as it defines the heat input from the deeper mantle. The LAB in our model rises from more than 200 km depth in Precambrian domains in the NE to about 80 km in the Southern North Sea.
To calculate the thermal field we solve the conductive heat equation (1) t: time, and S: radioactive heat production),with a 3-D finite element method (Bayer et al., 1997) for the The model covers about 1000x1800 km with a horizontal resolution of ~4 km and resolves 8 sedimentary units including a layer of mobilized Upper Permian Zechstein salt, 2 layers of the crystalline crust and the lithospheric mantle (after Maystrenko et al., [13] ;
Maystrenko and Scheck-Wenderoth, [14] ).
Thermal properties are assigned according to a dominant lithology for each layer (Table 1) to systematically trace the influences of different layers. The values assigned represent "effective" conductivities required to fit observed temperatures. They do not necessarily correspond to rock thermal conductivities, but may be the result of varying fluid content and porosity in concert with specific matrix thermal conductivities.
For the deeper and therefore hotter layers temperature-corrected constant values for different temperature intervals (Cermak and Rybach, [16] ) are considered. The values given correspond to the bestfit model, but sensitivity analyses (Noack et al., [10] ) have shown that the contrast between different units is robust. Noteworthy are the high thermal conductivity for the salt as well as for the crystalline crust and the high radiogenic heat production in the upper crystalline crust. The latter varies for the different crustal domains according to consolidation ages with highest values for Variscan granites and for the Variscan upper crust and lowest values for the Precambrian upper crust. The thermal boundary conditions set are a constant temperature of 8°C at the surface, a constant temperature of 1300°C at the LAB that defines the lower boundary of the model, and closed lateral boundaries. Vertically, the model resolves 17 layers and the horizontal resolution of 4 km captures the major salt structures (Maystrenko et al. [13] ). Cenozoic (clastics) 1.5
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Results
Main modelling results are illustrated in Fig. 2 . Comparing the thickness distribution of the salt ( Fig.  2A) with the modelled temperature distribution at 3 km depth (Fig. 2C ) and the predicted surface heat flow pattern (Fig. 2G) , a clear spatial correlation of local temperature anomalies above salt structures is evident. These variations are related to the more efficient heat transport in the highly conductive salt than in the surrounding low-conductive sediments. Lateral differences in temperature reach up to 40° K at 3 km depth (Fig. 2C ) and calculated surface heat flow varies from 50 mW/m2, in areas where salt is absent, to 120 mW/m2 above major salt structures.
This pattern of localized temperature variations is superimposed on a regional pattern displaying colder temperatures at the basin margins opposed to higher temperatures in the basin due to the blanketing effect of the sedimentary fill, which on average is less conductive than the crystalline crust. In particular the uppermost layer of uncompacted Cenozoic clastic sediments (Fig. 2 B) exerts a strongly insulating effect. The basin margins are colder as there the shallow and more conductive crystalline crust (Fig. 1 ) allows efficient cooling of the upper ~20km. Below the salt layer, the extreme lateral temperature variations fade at more than 8 km depth (Fig. 2D) , where the regional pattern of a hotter basin and colder margins prevails. At 30 km depth (Fig. 2E ) the area of highest temperature is shifted south and at 60 km depth (Fig. 2F ) the temperature distribution shows regionally diffuse lateral variations of up to 400° K. At this depth and below, the influence of the lower boundary condition becomes dominant. Testing different geometries for the LAB (Artemieva, [3] ; Jones et al., [17] ; Gregersen et al. [18] ; Geissler et al. [19] ; Plomerova and Babuska, [20] ) we find that those consistent with observed temperatures and gravity are in good agreement with LABs derived from seismological observations ( [18] , [19] ). In contrast shallower depths of the LAB as derived by anisotropy studies ( [20] ) predict hotter temperatures in the sedimentary part than observed. This result confirms the discrepancies concerning LAB depth detected by different methods. Most of the published information on LABs is difficult to compare directly with our 3D model as it relates to different assumptions for the crustal configuration and the reference model.
A comparison of the calculated surface heat flow with published heat flow density maps (Hurter and Schellschmidt, [21] ; Majorowicz and Wybraniec, [22] ) shows a good correlation with the major trends and the range of heat flow values of the published maps with a closer similarity to maps considering paleoclimatic correction. However, the published heat flow maps do not resolve the short-wavelength variations caused by salt structures but display wider domains of elevated heat flow over areas with abundant salt structures. Comparing the heat flow predicted for the surface (Fig. 2G) with that predicted for the base of sediments (Fig. 2H ) and for the Moho (Fig. 2I) shows that about half of the heat reaching the surface is created in the crust where the radiogenic contribution to the heat budget strongly controls the regional thermal field. Predicted heat flow at the Moho (Fig. 2I ) ranges between 15 mW/m2 for thick, old lithosphere in the NE, and 50 mW/m2, for the thinnest lithosphere. This spread of 35 mW/m2 is the superposed result of differing LAB depth and laterally variable heat transfer in the crust.
Temperature values are extracted from the model where published observations (Appendix A) are available for comparison (Figure 2 J, K) . As these data points (Fig. 2 J and K) relate to wells situated at different depths or stratigraphic intervals and with different distance to salt structures, the range is large for both observed and modelled temperatures. Nevertheless the correlation between observed and calculated values testifies that the model predicts observations reasonably well, that it largely resolves the spatial distribution of thermal properties and thus allows predictions of deep temperatures for areas beyond well control. We find largest misfits to correlate with large fault structures. Also the model is too hot for Precambrian Baltica, in spite of a reduced radiogenic heat production and a deep LAB.
Major uncertainties of the model are related to (1) the model resolution, which does not capture the full structural complexity or lateral changes in lithology, (2) to the assumption of steady state conditions that may be questioned for the Southern North Sea, where rapid Neogene sedimentation occurred and for areas influenced by Quaternary glaciations, and (3) to neglecting fluid transport in the sedimentary layers and along faults. 
Conclusions
Our results support the theory that conductive heat transport is the dominant mechanism of heat transfer in sedimentary basins on a regional scale and we quantify three main factors controlling the deep thermal field, the effects of which are superposed: (1) the internal configuration and related contrasts in thermal properties of the sedimentary layers control the pattern of local (km-scale) temperature variations; (2) the heterogeneous physical properties in the underlying crystalline crust and (3) the depth to the thermal lithosphere-asthenosphere boundary control the regional (100km-scale) pattern of temperature variation. For the upper few km this results in significantly higher temperatures in the basin compared to colder basin margins and in pronounced local thermal anomalies, where large contrasts in thermal conductivity exist near salt structures.The hottest parts of north central Europe are the Southern North Sea, the Netherlands and NW Germany as there the three effects are superposed in a specific way: (1) the low-conductive sedimentary cover is thickest, (2) heat input is focused by numerous large salt structures and (3) the isothermal LAB is shallowest.
Novel is that our model explains observed large lateral variation of temperatures at exploration depths of 3-5 km and quantitatively predicts the thermal regime for areas not covered by measurements. Moreover the model provides boundary conditions for local reservoir models but also for lithospherescale models of stress and strain.
